BACKGROUND: Pelvic organ prolapse has 2 components: (1) protrusion of the pelvic organs beyond the hymen; and (2) descent of the levator ani. The Pelvic Organ Prolapse Quantification system measures the first component, however, there remains no standard measurement protocol for the second mechanism. OBJECTIVE: We sought to test the hypotheses that: (1) difference in the protrusion area is greater than the area created by levator descent in prolapse patients compared with controls; and (2) prolapse is more strongly associated with levator hiatus compared to urogenital hiatus. STUDY DESIGN: Midsagittal magnetic resonance imaging scans from 30 controls, 30 anterior predominant, and 30 posterior predominant prolapse patients were assessed. Levator area was defined as the area above the levator ani and below the sacrococcygeal inferior pubic point line. Protrusion area was defined as the protruding vaginal walls below the levator area. The levator hiatus and urogenital hiatus were measured. Bivariate analysis and multiple comparisons were performed. Bivariate logistic regression was performed to assess prolapse as a function of levator hiatus, urogenital hiatus, levator area, and protrusion. Pearson correlation coefficients were calculated. RESULTS: The levator area for the anterior (34.0 AE 6.5 cm 2 ) and posterior (35.7 AE 8.0 cm 2 ) prolapse groups were larger during Valsalva compared to controls (20.9 AE 7.8 cm 2 , P < .0001 for both); similarly, protrusion areas for the anterior (14.3 AE 6.2 cm 2 ) and posterior (14.4 AE 5.7 cm 2 ) prolapse groups were both larger compared to controls (5.0 AE 1.8 cm 2 , P < .0001 for both). The levator hiatus length for the anterior (7.2 AE 1 cm) and posterior (6.9 AE 1 cm) prolapse groups were longer during Valsalva compared to controls (5.2 AE 1.5 cm, P < .0001 for both); similarly, urogenital hiatus lengths for the anterior (5.7 AE 1 cm) and posterior (6.3 AE 1.1 cm) prolapse groups were both longer than controls (3.8 AE 0.8 cm, P < .0001 for both). The difference in levator area in prolapse patients compared with controls was greater than the difference in protrusion area (14.0 AE 7.2 cm 2 vs 9.4 AE 5.9 cm 2 , P < .0002). The urogenital hiatus was more strongly associated with prolapse than the levator hiatus (odds ratio, 12.9; 95% confidence interval, 4.1e39.2, and odds ratio, 4.3; 95% confidence interval, 2.3e7.5). Levator hiatus and urogenital hiatus are both correlated with levator and protrusion areas, and all were associated with maximum prolapse size (P .001, for all comparisons). CONCLUSION: In prolapse, the levator area increases more than the protrusion area and both the urogenital hiatus and levator hiatus are larger. The odds of prolapse for an increase in the urogenital hiatus are 3 times larger than for the levator hiatus, which leads us to reject both the original hypotheses.
Introduction
Pelvic organ prolapse (POP) is common, affecting 5% of women aged 60-69 years. 1 Even in the best hands, with the best available operations, 1 in 5 women has a surgical failure. [2] [3] [4] Improved understanding of the pelvic floor biomechanics and how failures in individual structures relate to operative failure has the potential to provide information that can help us improve treatment selections and operative strategies to provide better care to women with prolapse.
The POP Quantification (POP-Q) system addresses how much prolapse protrudes beyond the hymenal ring. However, there is a second element of prolapse that is caused by the descent and ballooning of the levator ani and perineal structures. [5] [6] [7] A measurement called the levator subtended volume has recently been used to describe the volume contained within the "bowl" of the levator ani. 8 Women with a larger subtended volume are more likely to have surgical failure. [8] [9] [10] If the levator ani were considered to be a shallow bowl, the hiatus can be thought of as a hole in the bottom of the bowl through which the prolapse occurs. A deeper bowl would then reflect a larger subtended volume, and further organ descent below the hiatus in the bottom of the bowl would represent the protrusion beyond the levator ani. So far, the relative association of these two phenomenaethat is, the increase in the volume above and below the levatorseto the development of prolapse is unknown. Furthermore, prior literature regarding these measurements involved patients at rest and assessment of volume when the prolapse is extended has not yet been made.
Pelvic volume measures are obtained by reconstructing 3-dimensional models from 2-dimensional magnetic resonance (MR) images, a process that requires expertise in using specialized computer software. However, corresponding crosssectional "area" measures can be easily obtained from 2-dimensional MR images. Due to the difficulty of measuring lateral pelvic structures necessary to calculate a volume on a dynamic MR image, we use cross-sectional area of the pelvis in the midsagittal plane as a proxy for volume.
Pelvic floor descent is associated with visible tears in the levator muscle. 11 This aspect of pelvic floor injury has been assessed by measuring the size of the 2 hiatuses in the levator muscle: the levator hiatus (LH) and the urogenital hiatus. The urogenital hiatus corresponds to the pubovisceral (also called the pubococcygeal) portion of the levator ani muscles and the LH corresponds to the puborectal muscle. Birth-induced injury to the pubovisceral muscle portion of the levator ani muscles is strongly associated with POP [12] [13] [14] and downward displacement of the perineal structures. 6, 11, 15 It is unclear how changes in these 2 hiatuses are related to pelvic floor descent.
We aim to assess the changes in the pelvis in patients with and without prolapse during Valsalva. In this study, we have 2 objectives: to test the hypotheses that: (1) there are greater differences in the protrusion area than the area created by levator ani descent, the levator area, in prolapse patients compared with controls; and (2) changes in LH are more strongly associated with prolapse than those of the urogenital hiatus.
Materials and Methods
MR imaging scans were obtained for 3 groups of women, all of whom had a uterus in situ: 30 asymptomatic women without prolapse, 30 with anterior predominant prolapse, and 30 with posterior predominant prolapse. Images were performed as part of 2 institutional review boardeapproved case-control studies on POP (Institutional Review Board of the University of Michigan Medical School HUM00043445 and HUM00031520). Women with prior hysterectomy or surgery for prolapse were excluded. Controls were women who were asymptomatic and had no prolapse beyond the hymen on POP-Q assessment. Women from the anterior and posterior groups were considered cases and had symptomatic cystocele or rectocele at least 1 cm beyond the hymen on POP-Q assessment, with point Ba or Bp greater than point C, respectively.
Patients in the anterior group had a posterior wall that was above the hymen, and those in the posterior group had an anterior wall that was above the hymen.
Details of the imaging protocol have been previously described. 16 To briefly summarize, sagittal MR images were obtained in the supine position during maximal Valsalva using a 3-T Achieva scanner (Philips, Andover, MD) with a 6-channel, phased-array coil. Ultrasound gel was inserted into the vagina to provide contrast. Subjects were asked to bear down to recreate prolapse similar to that seen on clinical POP-Q examination, and the MR images were reviewed to make sure that they were consistent with clinical information previously obtained. Valsalva was held for approximately 17 seconds to obtain strain-and-hold images of maximal prolapse (repetition time range 1249-1253 milliseconds, echo time 80 milliseconds, 6-mm slice thickness, 1-mm gap, sensitivity encoding (SENSE) factor 4, number of signal average 2, 320 Â 178 voxels). Only women who could reproduce their maximal prolapse with Valsalva were included in the study.
Midsagittal images at maximal Valsalva were selected and measurements were quantified using ImageJ software (v1.44, National Institutes of Health, Bethesda, MD). We chose to study the cross-sectional areas in the midline sagittal plane rather than calculating pelvic volumes because the definition of the levator ani muscle at maximal strain in parasagittal images are not as well defined as in the midline plane. The area above the levators (levator area) was defined ( Figure 1) as the cross-sectional area bordered by the sacrococcygeal inferior pubic point line superiorly and a line approximating the inferior edge of the levator ani muscle from the inferior pubic point to the top of the external anal sphincter, the origin and insertion of the lowest part of the pubovisceral muscle. This lower border of the levator ani is also at the level of the hymen on physical exam. The area was completed by the top of the anal sphincter and the levator plate caudally. The area protruding below the levators (protrusion area) was defined as the cross-sectional area bordered superiorly by the line from the inferior pubic point to the external sphincter and extending to the superficial edge of the perineal body superiorly, to the protruding vaginal walls inferiorly. The superior margin of the protrusion area was carried down to the perineal body to be able to include protruding organs in the posterior compartment. Measurements were made in square centimeters.
The lengths of the 2 hiatuses were measured in centimeters at maximal Valsalva. The LH was defined as the shortest distance from the inferior pubic point to the ventral surface of the levator ani and corresponded to the line of action of the puborectal muscle. The urogenital hiatus was defined as the shortest distance from the pubic bone to the ventral aspect of the perineal body and corresponded to the pubococcygeal line of action ( Figure 1 ). 17 Demographic and clinical information including age, body mass index (BMI), race, and POP-Q measurements were collected and compared across anterior prolapse, posterior prolapse, and control groups. Maximum prolapse was defined as the greatest value of either of the POP-Q points Ba or Bp. The following measurements were calculated and compared across groups: levator area, protrusion area, LH, and urogenital hiatus. All measurements were performed by 2 raters, and compared for interrater reliability using the intraclass coefficient (ICC).
Among women with anterior and posterior prolapse, the increase in levator and protrusion areas was calculated by subtracting the mean value of the controls from that of each prolapse subject. Student t test was used to compare the average differences from controls between levator area and protrusion area. Continuous variables were assessed for normality using the Shapiro-Wilk test. The following variables demonstrated a normal distribution and were reported as means with SD: age, BMI, height, LH, urogenital hiatus, levator area, and protrusion area. Differences across normally distributed continuous variables were tested using linear regression models, and multiple comparisons were performed using Tukey-Kramer test. Nonparametric testing was performed for the POP-Q ajog.org variables using Kruskal-Wallis test, and multiple comparisons were performed using the Steel-Dwass test. Bivariate logistic regression was performed to assess the outcome of prolapse as a function of LH, urogenital hiatus, levator area, and protrusion area. These measurements were analyzed as continuous variables. Correlations were tested between continuous variables with Pearson correlation coefficient. Statistical significance was determined at a ¼ 0.05. All statistical analyses were performed using software (SAS, v9.4; SAS Institute Inc, Cary, NC).
Results
Groups were similar in terms of age, height, BMI, and race (Table 1) . By design, the POP-Q assessments were statistically different across groups; however, median size of maximum prolapse was the same in anterior and posterior prolapse groups. Measurements were done by 2 different raters, and the resulting ICCs for both area and hiatus measurements were in the excellent range (areas: ICC ¼ 0.99; hiatus lengths: ICC ¼ 0.98), indicating that measurements had a high degree of agreement.
Both anterior and posterior prolapse groups had larger levator and protrusion areas during Valsalva compared to controls (Figure 2, A) . The levator areas for the 2 prolapse groups were similar (P ¼ .64) as were the protrusion area measurements (P ¼ .99) (Figure 2, A) . Compared to controls, levator area and protrusion area were larger in prolapse patients. This was true for both anterior and posterior prolapse groups (Figure 2, B) . Therefore, data from the anterior and posterior groups were combined for further analyses as 1 prolapse group. Overall, levator area in women in the combined prolapse group was 14.0 AE 7.2 cm 2 larger than controls and the protrusion area was 9.4 AE 5.9 cm 2 larger with the difference between the levator and protrusion areas being significant (P ¼ .0002). Figure 3 shows the comparisons of LH and urogenital hiatus measurements at maximal Valsalva. Both measurements were greater in women with the 2 types of prolapse compared to controls (both prolapse groups vs control P < .0001). LH and urogenital hiatus lengths did not differ between women in the anterior vs posterior prolapse groups (P ¼ .69 and P ¼ .06, respectively). Bivariate logistic regression analysis revealed that individual odds ratios (OR) for levator area, protrusion area, LH, and urogenital hiatus are all significantly associated with prolapse ( Table 2 ). The odds of prolapse associated with a change in urogenital hiatus are approximately 3 times larger than that of the LH.
Correlations among area measurements, hiatus measurements, and maximal prolapse size as assessed by the POP-Q system are shown in Table 3 . The strongest correlation was seen between LH and levator area, followed by urogenital hiatus with levator area and protrusion area. Although LH length was significantly correlated with protrusion area and maximum prolapse, this association was not as strong as with the levator area. The urogenital hiatus length was also significantly correlated with maximum prolapse. The levator and protrusion areas were both significantly correlated with each other, as well as with maximum prolapse.
Comment
In this study, we use 2 new measures, levator area and protrusion area, as well as established measures of LH and urogenital hiatus, to quantify the association between these measurements and POP size as measured with the POP-Q system. The difference between women with prolapse and normal 
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pelvic support was larger in the levator area than in the protrusion area; therefore, we reject our first hypothesis. This indicates that the change in the area due to the lower location of the pelvic floor in women with prolapse was greater than the area of protrusion typically assessed during clinical examination.
Levator area is the measure that represents pelvic floor descent, a phenomenon poorly captured by the POP-Q. It is possible to measure perineal descent on examination, 18 yet this is only the assessment of a single point and has not been widely adopted. However, given that the POP-Q system is designed to measure prolapse that extends beyond the hymen, or the bottom of the levator ani, a small increase in the protrusion area is more highly associated with prolapse than an increase in the levator area. Prior research on the levator subtended volume measured on MR imaging has used resting scans; therefore, our data using straining measurements extend this by providing an evaluation of 
FIGURE 2
Levator and protrusion areas in controls and prolapse patients A, Average cross-sectional area (cm 2 ) of levator area and protrusion area for control and prolapse groups (SD shown). *Significantly different from controls, P < .0001. B, Average increase in cross-sectional area of prolapse patients compared to average of controls in both levator and protrusion areas (SD shown).
x Significantly different from protrusion area measurements, P < .05. ajog.org changes in the pelvic floor at maximal Valsalva. [8] [9] [10] These assessments that quantify the consequences of levator ani muscle impairment add an additional element to what has traditionally been seen on clinical examination. This may add to our understanding of surgical failure. 10 This is not to suggest that POP-Q be abandoned, but rather that we develop techniques to assess what goes on above the hiatus for research assessment of POP. As descent of the pelvic floor may be a predictor of prolapse, developing a simple way of assessing it would have clinical benefit.
Our second hypothesis proposed that increased LH length is more strongly associated with prolapse than increased urogenital hiatus length; however, our results showed the opposite. We found that the OR for the association between maximal prolapse and urogenital hiatus was 3 times greater than with LH. Increasing urogenital hiatus length may be a relative measure of pubovisceral muscle damage and increasing LH may indicate damage to the puborectal muscle. Therefore, our finding is consistent with prior observations that pubovisceral muscle damage is most commonly associated with childbirth injury and more strongly associated with prolapse. 15, [19] [20] [21] Much of the existing literature addresses the role of the LH in prolapse; however, there have been few studies that address the role of the urogenital hiatus in the development of prolapse. 5, [13] [14] [15] 22, 23 Adding measures of urogenital hiatus to LH could provide a more complete picture than only looking at either 1 of these 2 measures alone.
The OR for hiatal measurements were standardized to an increment of 1 cm. Because this is a relatively large percentage of the hiatal length measurements, the OR for urogenital hiatus was large, at 12.6. This increment was chosen to be consistent with the 1cm 2 increment used for the area OR. If a smaller increment is chosen, such as 1 mm, for the hiatal lengths, the OR decreases to between 1 and 2, however the same relationship remains: for an incremental change in urogenital hiatus, the odds of prolapse are greater than for the same incremental change in LH.
There are significant correlations between the levator area and the protrusion area, hiatal diameters, and maximum prolapse on POP-Q evaluation, meaning that both hiatuses reflect the changes occurring in the pelvis in prolapse. 15 This complements what is currently in the literature by linking the phenomenon of pelvic floor descent directly with changes in the hiatus measures that align with specific portions of the levator ani muscle. It also confirms that both protrusion area and levator area are affected by the descent of the levator ani. The fact that the protrusion area is more strongly related to prolapse is likely due to the fact that it measures and reflects what is able to be seen on the POP-Q, which was used to assess prolapse size.
Childbirth and subsequent levator ani muscle injury are a risk factor for POP, 12 ,24 yet our understanding of the mechanism whereby levator injury causes prolapse remains incomplete. The area and hiatus measurements made in this study begin to describe this 
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phenomenon. There are important differences in the biomechanical concepts of hiatal openingedescribed by the LH and urogenital hiatuseand the deepening levator bowl, described by the levator area. An enlarged genital hiatus indicates a failure to close an opening in the pelvic floor. Pelvic floor descent indicates that the pelvic and abdominal organs would necessarily be lower than normal. Our data indicate that these are related yet the consequences are different. The space in the pelvis created by the deepening bowl of the levator ani must be accompanied by a downward shift in the pelvic and abdominal organs that might put increased stresses on the attachments of the vagina and uterus to the pelvic walls. Since it is these attachments that are the primary failures in anterior compartment prolapse, 16 this may be important. What is not known is the degree to which current treatments affect each of these 2 parameters. Does reducing the size of the urogenital hiatus with posterior repair result in a higher pelvic floor? Does pulling the pelvic floor up, as described with abdominal sacral colpoperineopexy, result in a narrower hiatus? 25 Now that assessment tools are available, these issues can be clarified and the role of these measurable factors assessed in operative recurrence.
One limitation of this study is a small sample size; however, despite having only 30 women in each group, most of our findings and correlations were highly statistically significant and showed large effects. Our design involved assigning women to specific groups (control, anterior prolapse, and posterior prolapse) based on POP-Q measures; does not represent a population-based sample; and therefore may not be generalizable to all populations. It would be ideal to study the volume rather than the midsagittal diameter because midline sagittal areas do not take into account the increase in volume that would occur because of lateral bulging (ballooning) of the hiatus. However, levator definition on parasagittal images that would be used for volume measurements are less distinct on scans that require the width of the pelvis to be imaged during the time a woman can hold a Valsalva; consequently, the accuracy of midsagittal landmarks argued for the present approach. Strengths of this study include the use of two raters to perform each measurement independently to determine interrater reliability. All MR images were performed at the same facility under the same study protocol. Subjects were coached by an MR technician with 15 years of experience to achieve the same amount of strain as seen in clinic during the study MR imaging.
In conclusion, the area of the pelvis above the levator ani muscle increases more than the actual protrusion of pelvic organs beyond the hymenal ring indicating that this additional aspect of pelvic organ support deserves serious consideration in understanding the mechanism of prolapse and its potential role in operative failure. The urogenital hiatus, in addition to the LH, plays an important role in the development of prolapse and pelvic floor descent. Consideration of the way these 2 measurements interact in determining pelvic floor descent could be expected to provide a more complete picture than either one alone. n TABLE 3 Correlations among prolapse, area, and hiatus measurements ajog.org
